Aim: Sulodexide, a glycosaminoglycan, could reduce albuminuria in diabetic patients. The aim of this study was to determine whether sulodexide could be used to treat chronic kidney failure in rats. Methods: Sixty Wistar rats undergone 5/6 nephrectomy, then were randomly divided into 4 groups: the model group, sulodexide group (sulodexide 5 mg/kg per day, im), irbesartan group irbesartan (20 mg/kg per day, ig) and sulodexide plus irbesartan group. Another 12 rats were enrolled into the sham operation group. After the treatments for 4, 8 and 12 weeks, urinary protein and serum creatinine levels were measured. After 12 weeks, serum cholesterin and triglycerides levels were measured, and the degrees of glomerular sclerosis and renal tubulointerstitial fibrosis were scored. The expression of aminopeptidase P (JG-12) in the renal tissue was examined using immunohistochemical staining. The renal expressions of endothelial nitric oxide synthase (eNOS) and tissue type plasminogen activator (tPA) were detected with RT-PCR and Western blot. Results: Proteinuria was markedly attenuated in the sulodexide-treated groups. After 4 and 8 weeks only the sulodexide-treated groups showed significant reduction in serum creatinine; while after 12 weeks all the three treatment groups showed significant reduction in serum creatinine. Furthermore, all the three treatment groups showed significant reduction in the scores of glomerular sclerosis and tubulointerstitial fibrosis. The glomerular expression of JG-12 was increased in both the sulodexide group and the sulodexide plus irbesartan group, but not in the irbesartan group. The eNOS mRNA and protein expression was decreased and the tPA mRNA and protein expression was significantly increased in the model group compared with Sham group. Sulodexide, irbesartan, and their combination reversed the decrease of eNOS expression but increased the tPA expression much more compared with model group. Conclusion: Sulodexide was similar to irbesartan that can decrease proteinuria and attenuate renal lesions in 5/6 nephrectomy rats. The renal protection by sulodexide might be achieved via its impact on renal vascular endothelial cells.
Introduction
Chronic renal failure (CRF) is a disease that seriously endangers human health. Currently, significant progress has been made in delaying chronic renal failure (CRF) progression with therapy focusing on the blockade of the renin-angiotensinaldosterone system (RAAS) and on blood pressure control. However, these measures are not sufficient to halt the progression of CRF [1] . It has remained a scientifically significant objective to find other agents to delay CRF progression. Renal vascular endothelium injury is one of the factors contributing to the progression of CRF pathological changes. Promoting the repair of injured endothelium can achieve the effects of stabilizing renal function and delaying the progression of CRF which is not related to the control of blood pressure and proteinuria [2] . Sulodexide is a compound created from the fractional precipitation of glycosaminoglycans extracted from the mucosa of swine intestines, and it consists mainly of fast-moving heparin (FMH) and dermatan sulfate (DS) [3] . Some research has shown that sulodexide can improve endothelial dysfunction in diabetic rats [4] , and it has been proved that sulodexide can reduce cell proliferation and matrix accumulation in the kidneys [5] . Sulodexide has been shown to reduce proteinuria in patients with diabetic nephropathy [6] . Sulodexide also has anti-coagulant [7, 8] , anti-inflammatory [9, 10] , and anti-oxidative effects, as well as the effect of regulating blood fat [11] [12] [13] . These functions are related to the progression of CRF. Thus, we explored the # These authors contributed equally to this work. ﹡ To whom correspondence should be addressed.
Materials and methods
Animals and model establishment Seventy-two male Wistar rats, weighing 250 g to 330 g, were purchased from Beijing Vital River Company (License No: SCXK Jing 2001-0007) and were raised by the SPF Lab Animal Center of PLA General Hospital. All of the rats were housed in a constant-temperature room (maintained at 25±2 °C) with a consistent light cycle (from 7:00 am to 7:00 pm) and were fed a standard rat diet (0.5% Na, 22% protein). After one week of adaptability feeding, 12 rats were chosen randomly to receive a sham operation, and 5/6 nephrectomy was performed in the other 60 rats.
The rats that underwent 5/6 nephrectomy were randomly divided into a model control group, a sulodexide group, an irbesartan group, and a group combining sulodexide and irbesartan. Drug treatment commenced one week after the operations. Sulodexide injections, supplied by Alfa Issermann Pharmaceutical Inc, China (batch No 1884), were administered at a dosage of 5 mg/kg every other day by muscular injection. Irbesartan was supplied by Hangzhou Sanofi-Aventis Minsheng Pharmaceutical Co, Ltd (batch No 1564) and was administrated by gastric perfusion at a dose of 20 mg/kg each day. The combined group was treated with the same methods as the sulodexide group and the irbesartan group. Distilled water was given to the sham operation group and to the model control group. The rats were weighed each week, and the dosages of drugs and distilled water were adjusted accordingly for the entire course of 12 weeks. After 12 weeks, the numbers of rats remaining in the analysis were: 7 (control), 10 (sulodexide), 11 (irbesartan) and 11 (combined) (Figure 1 ).
General condition and urine/blood tests
The animals' energy level, activity, hair luster and food intake were observed. Upon completion of the 12-week experiment, the rats' blood pressure was measured with an LE5002 blood pressure instrument (Panlab SL Inc, Barcelona, Spain). 24-h urine was collected before the operations and at 4, 8, and 12 weeks after drug treatment. Urine protein was detected with a BS-400 Biochemical Analyzer purchased from Mindray BioMedical Electronics Co Ltd, Shenzhen, China.
Prior to the operation and 4 and 8 weeks after drug administration, 0.5 mL of blood from the endocanthion was drawn for serum creatinine testing with the 7600 Type Automatic Biochemistry Analyzer (HITACHI, Japan). Upon completion of the 12-week experiment, serum creatinine, triglycerides and cholesterin were measured. Kidney pathologic examinations A portion of the renal tissue was fixed in 10% formalin, and another portion was quickly frozen and stored in liquid nitrogen. After fixation with 10% formalin, the renal tissue was routinely treated and paraffin-embedded, and 2-μm sections were made. After staining with periodic acid-Schiff stain, the following semiquantitative scores were obtained using light microscopy [3] .
Glomerular sclerosis score
The score was graded from 0 to 4 points (0 points: normal glomerulus; 1 point: area of mesangial expansion or sclerosis <25%; 2 points: area of sclerosis from up to 25% to 50%; 3 points: area of sclerosis from up to 50% to 75%; 4 points: area of sclerosis greater than 75%). Fifty glomeruli were observed from each specimen under a microscope with 400-fold magnification, and the mean value was referred to as the glomerular sclerosis index.
Renal tubule-interstitium score
The score was based on tubular atrophy, interstitial inflammation, and fibrosis area. The score was graded from 0 to 3 points (0 points: free of tubulointerstitial lesions; 1 point: changes affecting <25% of the section; 2 points, changes affecting 25% to 50% of the section; and 3 points, changes affecting an area greater than 50%). Ten fields of vision were observed for each specimen under a microscope with 100-fold magnification. The mean value was referred to as the tubulointerstitial lesion index.
Immunohistochemistry (IHC)
After fixation with 4% paraformaldehyde, the renal tissue was submitted to routine treatment and was then embedded with paraffin, and 2-μm-thick sections were made before incubation with monoclonal JG-12 mouse anti-rat antibody (Santa Cruz Company, Santa Cruz, CA, USA), by means of the streptavidin-peroxidase method (Zhongshan Goldenbridge Biotechnology Co, Ltd, Beijing, China). The number of capillaries was counted per 0.01 mm 2 of glomerular area under a microscope with 400-fold magnification.
Expression of eNOS and tPA mRNA in the kidneys Upon the thawing of the renal tissues that had been stored in liquid nitrogen, Trizol was added, and homogenization was conducted for 2-3 min with a supersonic crusher. After extraction by chloroform, settling with isopropanol, and cleansing with 75% ethanol, the sample was dissolved in DEPC water, Figure 1 . Animal experiments design. Table 1 . The PCR reaction bulk was 25 μL, the sample cDNA product was 1 μL, the 10×PCR buffer was 2.5 μL; Tag DNA polymerase was 0.25 μL; and 2.5 mmol/L dNTP mix was 2.4 μL. We used 25 mmol/L Mg 2+ 3.5 μL and 25 μmol/L primers (Beijing SBS Genetech Co, Ltd), 1 μL each; we also used 13.35 μL of deionized, distilled water.
The PCR products were subjected to electrophoresis on a 1.2% agarose gel before photographs were taken, and semiquantitative analysis was carried out using Quantity One Software for gel quantitative analysis.
Evaluation of the expression of eNOS and tPA protein in the kidneys with Western blotting The frozen renal tissue in liquid nitrogen was added to a suitable amount of buffer solution and was then homogenized. The protein concentration was measured by the Coomassie brilliant blue method. The proteins were denatured, electrophoresed, transferred to PVDF membrane, and blocked with 5% degreased milk. eNOS antibody, tPA antibody (rabbit anti-rat eNOS and tPA polyclonal antibody, Santa Cruz Biotechnology, Inc) and anti β-actin antibody (1:200 dilution) were added. Incubation took place overnight at 4 ºC. After membrane washing, the secondary antibodies (dilution 1:1000) marked with horseradish peroxidase (HRP) were added. Quantitative analysis of eNOS and tPA was performed with Quantity One Software for gel quantitative analysis.
Statistical analysis
Statistical analysis was conducted with SPSS software, version 15.0. The data were expressed as the mean±standard deviation (mean±SD). ANOVA was adopted for the comparison between different groups at the same time points. The LSD method was adopted for comparisons between two groups. P<0.05 was considered statistically significant.
Results

General condition and blood pressure
In the beginning of the experiment, the rats in the sham operation group acted quickly, and their coats were lustrous and in good condition. Meanwhile, no abnormal conditions in their diets were observed. After the operations, the rats in all of the groups appeared listless, and they moved less. Their furs pricked up and did not show order or luster. As time went by, their entire skins gradually became white, especially the skin at the ears, nose, feet, back and tail. No hematomas or other adverse reactions at the injection sites were observed.
The mean blood pressure of the model control group (112±5 mmHg) was higher than that of the sham group (108±4 mmHg) at the 12th week of treatment (P<0.05). The blood pressure levels in the irbesartan-treated group (108±3 mmHg) and the group receiving combined sulodexide and irbesartan (105±4 mmHg) were lower than those of the model control group (P<0.05).
Body weight
There was no significant difference in body weight for the rats in any of the groups before the operations or after the 5/6 nephrectomy but prior to drug treatment (0 weeks). Body weight was lower in the experimental rats after the operations compared with the sham operation group (P<0.05). Body weight increased in all of the rats over time (Table 2) .
Urinary protein and serum creatinine Urinary protein and serum creatinine were not different among the 5 groups at baseline. Compared with the model From the 4th week after treatment, the levels of serum creatinine in the sulodexide group were lower than those of the model control group (P<0.05). After 12 weeks of treatment, the levels of serum creatinine in all of the treated groups were lower than those of the model control group (Table 3) .
Serum cholesterin (CH) and triglycerides (TG)
In the 12th week after the operations, the level of serum cholesterin in the model control group was higher than in the sham group (P<0.01). The serum cholesterin level of the sulodexide-treated group was lower than that of the model control group (P<0.05). No differences were found in the levels of triglycerides among all of the groups (Table 4) .
Pathology and immunohistochemistry
The model control group displayed glomerular hypertrophy, mesangial cell proliferation, mesangial matrix accumulation, telangiectasia or occlusions of the capillaries, thickening of the glomerular capsule wall, and focal or global sclerosis of some glomeruli. Furthermore, the renal tubules in this group showed dilation or atrophy, a large number of protein casts, interstitial widening, substantial infiltration of inflammatory cells, and focal distribution of renal interstitial microangiopathy, with narrowing and distortion of capillary cavities. Compared with the model control group, the pathological changes in the sulodexide-treated group, the irbesartantreated group, and the combination group were alleviated to different extents: lower glomerular sclerosis scores and tubulointerstitial scores were observed in these groups compared with the model control group (Figure 2, P<0.05) .
JG-12 staining showed far fewer glomerular capillary loops per 0.01 mm 2 of cross-section area in the rats with 5/6 nephrectomy than in the sham group (P<0.01). There were more glomerular capillary loops per unit of area in the sulodexidetreated group and the combined sulodexide and irbesartan group than in the model control group (P<0.05) ( Table 5 ).
The mRNA expression of eNOS and tPA Compared with the sham group, the expressions of eNOS in the model control group was reduced (P<0.01); compared with the model control group, the expressions of eNOS mRNA Figure 3A , 3B). The expression of tPA in the model control group was increased compared with Sham group, and the expression of tPA increased much more in the sulodexide-treated group, the combined sulodexide and irbesartan group, and irbesartan-treated group (all P<0.01, Figure 3A , 3C).
The protein expression of eNOS & tPA
Compared with the sham group, the protein expression of eNOS was reduced in the model control group (P<0.01). Compared with the model control group, the protein expression of eNOS was increased in the sulodexide-treated group, the combined sulodexide and irbesartan group, and the irbesartantreated group (P<0.05) ( Figure 4A, 4B) . The expression of tPA in the model control group was increased compared with Sham group (P<0.01), and it increased much more in the sulodexide-treated group, the combined sulodexide and irbesartan treated group, and irbesartan-treated group (P<0.01, P<0.01, P<0 .05, Figure 4A, 4C) . 
Discussion
Sulodexide is a compound created from the fractional precipitation of glycosaminoglycans extracted from the mucosa of swine intestines, which mainly consists of fast-moving heparin (FMH) and dermatan sulfate (DS) [14] . Sulodexide has been used clinically in the treatment of patients with diabetic microvascular complications to reduce proteinuria in both type I and type II diabetes [15] . In a diabetic rat model induced by streptozotocin, sulodexide was reported to reduce the number of endothelial cells detached into the blood and to improve the diastolic function of the mesenteric artery [16] . However, whether sulodexide has a therapeutic function for the kidneys and for renal vascular endothelial cells in patients with CRF still needs to be demonstrated.
The 5/6 nephrectomy model is a common one for CRF [17, 18] . Sclerosis of the residual nephrons gradually occurs in response to the high perfusion, high pressure, and high filtration caused by 5/6 nephrectomy. The renal function will deteriorate, along with the retention of substances such as serum creatinine, which should be discharged via the kidney [19] . These changes are similar to the major mechanisms of renal function regression in CRF. In this study, after the establishment of the 5/6 nephrectomy model, it was observed that the serum creatinine and urine protein levels increased continually, together with changes in the development of glomerular sclerosis and interstitial fibrosis, which suggested that the model was successfully created.
Many animal experiments and clinical trials have demonstrated a sound curative effect of sulodexide for proteinuria in diabetic nephropathy [20] [21] [22] [23] [24] . As sulodexide consists of GAGs abundant in anion electrical charges, its effect in reducing proteinuria may be related to the recovery by the glomerular barrier of electric charges [22, 25] . Our results demonstrated that sulodexide was also able to reduce proteinuria in rats with 5/6 nephrectomy: 24-h urine protein was clearly lower in the sulodexide group and the combined sulodexide and irbesartan group than in the model control group after 8 or 12 weeks of treatment. In addition, the sulodexide group showed no difference in the degree of reduction of proteinuria compared with the irbesartan group, which resulted in the exciting finding that in rats with 5/6 nephrectomy, sulodexide was as effective as angiotensin receptor blocker (ARB)-the most approved agent in clinics for reducing proteinuria. npg CRF is a disease that seriously endangers human health. Blocking renin-angiotensin-aldosterone system and controlling blood pressure are not sufficient to halt the progression of CRF [1] . It was in this study that sulodexide was first used in a 5/6 nephrectomy model. Over 4-12 weeks of treatment, sulodexide consistently decreased the levels of serum creatinine and steadily delayed the progression of renal failure. Furthermore, its effects were better than those of irbesartan in the early stages (fourth week). Unexpectedly, it was not observed that the combination of sulodexide and an ARB medicine had better effects. Currently, there is no proof that sulodexide and ARB medicines interact pharmacodynamically. The effect of sulodexide mainly focuses on the glomeruli, and sulodexide has an extremely high affinity for the vascular walls [26] , whereas ARB drugs decrease the high filtration, high perfusion and the high pressure of the glomeruli. It is not clear whether the abovementioned functions interfere with sulodexide locating the capillary loop and recovering the basement membrane, which requires further research and confirmation.
Our results showed that sulodexide is as effective as irbesartan in mitigating glomerular sclerosis and tubulointerstitial fibrosis in rats with 5/6 nephrectomy. There is damage of the vascular endothelium in CRF patients, which can lead to the gradual loss of the renal capillary bed area; then, ischemia/ hypoxia is involved in the continuous progression of renal pathological lesions. Mitigation of injury to renal vascular endothelial cells may delay the progression of CRF pathological lesions [20] . Promoting the repair of the injured endothelium can achieve the effect of stabilizing renal function and delaying the progression of pathological changes that are not related to the control of blood pressure and proteinuria [12] . It has been found in animal models that sulodexide protects vascular endothelial cells from detachment [26] . JG-12 is an aminopeptidase that anchors onto the cell membrane with glycosylphosphatidylinositol (GPI) and that serves as a specific marker for the vascular endothelium [27, 28] . Within the glomerular capsule, JG-12 is only expressed on the surface of the capillary endothelium [26, 29] . In our experiments, JG-12 immunohistochemical (IHC) staining showed that sulodexide was able to abrogate injury due to the loss of renal capillaries. However, irbesartan did not show the same effect.
In this study, we explored sulodexide's impact on two factors that are related to the function of the vascular endothelium: eNOS and tPA. In the kidney, eNOS remains mainly in the vascular endothelium [21, 22] . Previous studies have proved that nitric oxide, generated by eNOS, has a protective effect on the kidney [23] . NO is able to protect endothelial cells through its functions, including dilating blood vessels, inhibiting thrombocyte adhesion and aggregation, preventing white blood cells from attaching to the vascular wall, and inhibiting apoptosis of endothelial cells [24] . The expression of eNOS is reduced in damaged endothelial cells [25] . In this study, there was a decrease in both endothelial cells and eNOS expression in rats with 5/6 nephrectomy. After 12 weeks of treatment with sulodexide and irbesartan, renal eNOS expression clearly increased, suggesting a protective role for sulodexide in endothelial cells. Damaged endothelial cells also cause corresponding changes to their functions. One important physiological function of the endothelial cells is to regulate the proportion of blood-clotting substances and anti-clotting substances so the blood can flow smoothly in the vessels. Normal vascular endothelial cells manifest an "anti-clotting" phenotype. tPA and its specific inhibitor, type 1 plasminogen activator inhibitor (PAI-1), are mainly generated by vascular endothelial cells and are involved in the regulation of clotting and anti-clotting. The main function of tPA is to activate profibrinolysin in blood clots to produce fibrinolysin for the dissolution of thrombi. PAI-1 is a fast and specific physiological inhibitor of tPA. Both tPA and PAI-1 are markers for evaluating vascular endothelial function and injury. Under physiological conditions, tPA and PAI-1 are in states of dynamic equilibrium. Damaged endothelial cells transform from the anti-clotting type to the clotting type, with increased synthesis of PAI-1 and decreased synthesis of tPA [4, 30] . In our experiments, the increase in the expression of tPA in the model control group indicated an abnormal state of the clotting/anti-clotting system in this 5/6 nephrectomy model; that the expression of tPA increased much more in the sulodexidetreated group and the combined sulodexide and irbesartan group indicated a potential protective role for sulodexide in the endothelium.
Blood lipid disorders are among the complications of CRF that are related to the reduction of lipoprotein lipase activity, as well as the reduced intake of lipids in circulation by the organ and tissues [31] . Increased blood cholesterol can bind to receptors on the mesangial cells, leading to cellular proliferation, matrix accumulation, and the production of cytokines, which can boost the progression of pathological changes in renal sclerosis [32] . In animals fed a diet containing cholesterin, sulodexide was able to reduce the level of plasma cholesterin 12] . In the present study, the serum cholesterin levels of the sulodexide-treated group were significantly lower than those of the model control group. However, the irbesartan group did not show the same effect, which indicated that the efficacy of sulodexide treatment was related to the inhibition of CH production.
The progression of CRF involves a variety of mechanisms, including glomerular hemodynamic changes, proteinuria, angiotensin II, inflammation reactions, cellular proliferation, matrix accumulation, abnormal blood lipid metabolism, and the formation of microthrombi inside the capillaries. It has been shown that a single agent is unable to stop the progression of renal pathological changes in CRF [15] . In this study, we found that sulodexide has the effect of halting the deterioration of renal function in 5/6 nephrectomy rats, and it has the same efficacy at proteinuria reduction as irbesartan. Sulodexide has a renal protective role in mitigating glomerular sclerosis and tubulointerstitial fibrosis in rats that have undergone 5/6 nephrectomy. These effects might be achieved via protection of the vascular endothelium.
